Seasonally frozen soil in alpine and subalpine zones in the mountains of Qinghai-Tibetan Plateau is particularly sensitive to global climate change. Therefore, a better understanding of the thermal properties of frozen soil is crucial for predicting the responses of frozen soils to soil warming. In this study, thermal properties of frozen soil with different moisture contents under subzero temperature (0˚C -20˚C) in an alpine forest in western Sichuan were analyzed by KD2 Pro in its cooling and heating processes, respectively. Our results reveal that the soil apparent volumetric specific heat capacity (Cv) and apparent thermal conductivity (K) under the same water content show similar response patterns to changing temperature lower than −2˚C in both heating and cooling processes. Moreover, ice content of frozen soils can be well predicted by Logistic model in cooling and heating processes. The Cv and K tend to increase along with increasing soil moisture contents. Remarkably, asymptotic characters of the value of Cv and K are at the vicinity of the initial temperature of phase transitions, indicating that both Cv and K are particularly sensitive to changing soil temperature at the range of −2˚C to 0˚C. Therefore, the widely distributed frozen soil layers with temperature above −2˚C in alpine and subalpine zones over Qinghai-Tibetan Plateau are susceptible to the observed climate warming during cold season.
Introduction
Approximately 50% of the land surface in high altitudes and latitudes of Northern Hemisphere is characterized by seasonally frozen ground, with more than 25% estimated to be covered by permafrost [1] . Thawing and freezing processes of the seasonally frozen soils have large effects onland-atmosphereenergy exchangesand hydrological processes [2] . Soil freezing reduces the soil water potential considerably because soil retains unfrozen water, leading to steep changes of hydraulic gradient and redistribution of soil water and solute. Therefore, having a basic knowledge of thermal properties is crucial to frozen soil and accurate measurements of the soil thermal properties are fundamental for most models to parameterize the transformation processes of thawing-freezing cycles in these cold soil ecosystems [3] [4] . Moreover, understanding the soil thermal properties with different soil temperature and moisture plays an important role in determining ecological changes and predicting future responses of seasonally frozen and permafrost soil to the rapid climate warming [5] .
Phase changes of soil water below 0˚C lead to specific heat capacity change and latent heat transformation, hence total soil water, including both ice and liquid water, has profound influences on the soil hydraulic, thermal and mechanical properties [6] [7] . Freezing of soil moisture reduces the hydraulic conductivity, interrupts the infiltration of rainfall or snowmelt, and increases surface runoff, leading to thawing erosion and nutrient loss [8] [9], especially in earlier spring. In order to have a better understanding to the processes in soil freeze-thaw cycles, many different methods are established for determining unfrozen water and ice content of frozen soils, including dilatometry [10] , suction-moisture relationship [11] , nuclear magnetic resonance (NMR) [12] , time domain reflectometry (TDR) [13] , and neutron and gamma ray method [14] . However, these methods have their respective disadvantages [4] [15] . Clearly, it is necessary to establish a simple method for estimating water and ice contents in frozen soils accurately.
In fact, soil thermal property is originated by a complex combination of conductive processes and intra-porous convection processes, besides they are related to soil water phase change. We then prefer to be more concerned with the apparent soil thermal properties and discuss the ice content of frozen soils. Recently, a heat pulse probe (HPP) method was developed and proven to be a promising technology for measuring soil apparent thermal properties, water and ice contents and snow density [16] [17] . The KD 2 Pro is a novel device with small size based on HPP method which can be used for measuring all three soil thermal properties in situ simultaneously under a rapid nondestructive way at both laboratories and fields, while minimizing the device-induced water movement and free convection. The ability of KD 2 Pro had been proven in many studies of measurements of thermal properties for different types of unfrozen soils [18] [19] , and frozen or permafrost soils [20] .
Permafrost and seasonally frozen soil in Qinghai-Tibetan Plateau and high mountains in the western China occupy the largest area of the high altitudinal lands of the Northern Hemisphere [21] Moreover, the Qinghai-Tibetan Plateau, which is proven to be the most sensitive regions to climate change, is experiencing rapid climate warming in recent decades especially during cold seasons, which resulting in noticeable degradation of permafrost [22] , and abrupt changes of freeze-thaw patterns in the seasonally frozen soil in recent thirty years [23] . However, there are few reports on the responses of soil apparent thermal properties to changing climate in subalpine and alpine zones of Qinghai-Tibetan Plateau. Therefore, in this study we try to analyze the thermal properties of seasonally frozen soil and their linkage to different soil water contents in cooling and heating processes under subzero temperature (−20˚C -0˚C).
Materials and Methods

Soil Samples
Soil sampling site is located at Mt. Mengbi (31˚33.25'N, 102˚24.92'E, elevation 3250 m), which is located between the north section of Qionglai Mountains and Daxue Mountains in the northwest of Sichuan Province. The sampling site is dominated by the mountainous monsoon climate with a cool-rainy summer and cold-dry winter. The mean annual temperature and total annual precipitation are 8.6˚C and 760 mm, respectively. The alpine coniferous forest and mixed forest with the dominant species of Abies faxoniana and Picea balfouriana are distributed from elevation of 3000 m to 4300 m. The sampled soil is organic loamy sand and classified as mountain brown coniferous forest soils [24] , and topsoil (0 -40 cm) is frozen in the cold season from October to next May.
Forest topsoil (0 -20 cm layer) is collected, homogenized, and sieved through a 2 mm mash screen to remove gravel, litter materials and fine roots. The sieved homogenized soil is repacked into cylindrical PVC columns with 5 cm in diameter and 20 cm in height keeping its original bulk density. The repacked soil columns are pre-incubated in situ under the natural conditions of alpine forest for three years. Soil samples were collected in July 2014. Before measurement, soil columns packed in PVC container were collected and placed into coolers and transported to laboratory within 24 hours. Soil columns for thermal property measurement were sampled and examined with an oven-dry bulk density of 0.91 g•cm −3 and soil organic carbon content of 139.09 g•kg −1 .
Measurement and Data Analysis
Soil apparent thermal properties are measured by KD 2 Pro Thermal Properties Analyzer (Decagon Devices, Inc., Pullman, WA). The KD 2 Pro Analyzer takes measurements using the transient line heat source method [25] . Briefly, every measurement cycle consists of a 30-sec equilibrium time, a 30-sec heating time and a 30-sec cooling time. Temperature measurements are made every second during heating and cooling processes, and then temperature measurements are fitted with an exponential integral function using nonlinear least-squares procedure. In general, samples are relatively thin (3 -4 cm thick), ensuring uniform distribution of water throughout each sample. Moisture contents of soil columns in PVC container were adjusted and balanced for 2 days, and determined accurately by calculating the weight and volume of soil columns after every measurement, and then wrapped up tightly and carefully by transparent soft film. Wrapped soil column with a certain moisture content was incubated in a thermostatic incubator. The incubation temperature was adjusted and balanced completely before measuring the soil thermal properties. Measurements were performed by inserting the KD 2 Pro probe horizontally into the middle of soil samples with different moisture contents, soil volumetric specific heat capacity and thermal conductivity were recorded during the cooling process (from 0˚C to −20˚C) and subsequently a heating process(from −20˚C to 0˚C) for each soil sample. Three repeated measurements were conducted for each sample during both heating and cooling processes.
Using SPSS statistical software to analyze data.
Results and Discussion
Apparent Volumetric Specific Heat Capacity (Cv) in Cooling and Heating Processes of Frozen Soil
Soil apparent volumetric specific heat capacity ( v C ) is presented as a function of soil temperature in cooling and heating processes under different moisture contents (Figure 1(A) and Figure 1(B) ). The results show that the C v decreases as initial water contents decrease, and the v C values underthe same water content showasimilar response pattern to soil temperatureduring bothheating andcooling processes. One possible reason is that water content is one of dominating factors for v C under sub-zero temperature, and the frozen soil heat capacities are of attributable to the distribution of ice, voids and mineral materials, and showing a significant decreasing heat capacity with an increase in volumetric fraction of voids in soil will reduce the heat capacity significantly [26] .
We observed a significant change for v C when soil temperature near 0˚C (−20˚C -0˚C). Similar phenomena were also observed by study for the thermal properties of permafrost soil [27] [28] . Previous studies on thermal behaviors of arctic soils have suggested that vapor advection and the associated latent heat effects may contribute to the heat transfer in frozen soils significantly [29] , and latent heat release in phase transition of soil unfrozen water and ice may be the most important contributor to the sharp increase in heating process and the great drop in cooling process of v C when temperature near 0˚C (−20˚C -0˚C). We fitted an inverse function for the relationship between v C and soil temperature ranging from 0˚C to −20˚C. The regression equation was shown in Equation (1):
where A and B are constants, t is soil temperature ranging from −20 to 0˚C, and v C is the soil apparent volumetric specific heat capacity. The regression constants of A and B are presented in Table 1 .
Prediction of Unfrozen Water and Ice Content in Soil under Sub-Zero Temperature
Ice, water and soil grain are three main phase diagrams impacting thermal properties of freezing soil [30] ). Generally, the contribution of air and organic matter can be ignored [31] . Thus, the specific heat capacity (C) of soil can be given by the following equation: Equation (2), when divided by the total mass of the soil sample, yield 
where T V is the total volume of the soil sample. So, Equation (3) can be rewritten in the following equation: 
Then the ice content of frozen soils can be written as
When T < −10˚C, the vast majority of the unfrozen water is frozen within a few degrees of 0˚C. The unfrozen water content changes very slightly with the initial water content within the range of 1% when the temperature is lower than −10˚C [32] . The mean value of unfrozen water content we determined by the pulsed nuclear magnetic resonance technique is 2.98% as soil temperature below −10˚C with different initial water contents. We use this value asunfrozen water content to calculate soil apparent specific heat capacity and ice content of frozen soils. Equation (5) 
Then ( ) 0.0298
Generally, the values of w c and i c are 4.2 × 10 −3 MJ/(kg•K) and 2.1 × 10 −3 MJ/(kg•K), respectively. Using Equation (7) and Equation (8) to calculate the value of s c . After getting those parameters, Equation (6) can be used to figure outice content in frozen soils. Regression equations between soil ice contents and soil temperature are deduced utilizing valid data below −2˚C we calculated. After an ensemble test, the following equation give the best estimation:
where w W is initial water content; i W is percentage quality of ice below 0˚C; a, b and c stand for constants; t is relative temperature measured in laboratory. Residual sum of squares is used as the sensitivity indicator.
All of soils were regressed by Equation (9) for ice content prediction and the values of constants were presented in Table 2 for each soil moisture condition. Soil ice contents of two selected moisture condition were calculated under sub-zero temperature for cooling-heating cycles (Figure 2) . It showed that the changing pattern of soil ice contents was not unique between heating and cooling processes due to retention effect during a one-way process of freezing or thawing, i.e., soil ice content may be different at the same temperature in the two processes.
Soil ecosystems in high altitude and latitude are regarded as higher temperature sensitivity to climate change [33] [34] , and the effect of temperature and season on soil microorganisms and enzymes has been addressed by several researchers [34] [35] , and it has been suggested that season-dependent abiotic parameters, such as soil water phase transition and freeze-thaw cycle induced by temperature subzero and above-zero, could influence the microbial community structure [36] [37]), ecological function, species diversity and respiration activity [33] . In fact, we also found that soil temperature in 5 -20 cm layer varied between −2˚C and 2˚C in most time in the cold season in the study region (Unpublished data), and a subtle increase of soil temperature could change soil water phases and apparent thermal properties significantly (Figure 1) . In that case, soil warming would induce seasonal freezing degradation or disappearance during cold season, which would result in marked changes in ecological functions due to structure and activities of microbial community related to dynamics of soil carbon and nitrogen in seasonally frozen soil.
Dynamics of Apparent Thermal Conductivity (K) of Frozen Soil
Soil apparent thermal conductivity (K) decreases with the decrease of temperature and soil moisture contents below 0˚C in both cooling and heating processes (Figure 3(A) and Figure 3(B) ). During soil freezing, the volumetric expansion of water as well as ice lens tends to change the soil structure and reduce the hydraulic conductivity [26] , and the heat transfer between soil components tends to be weakening. The transport of latent heat may exceed the contribution of heat flow by conduction at temperatures close to 0˚C [38] , and ice melts and soil solution conductivity enhance in heating process. In soil, water is the heat-conducting medium, and it just coats soil particles and voids between the soil particles which are not filled with soil liquid at lower water contents [39] [ 40] , indicating that there is a strong dependence of the soil thermal conductivity on moisture in freezing soil. Similar results are also observed [41] [42] .
We found that there is also a dramatic change of soil apparent thermal conductivity in the study region from −2˚C to 0˚C whether heating or cooling process (Figure 3(A) and Figure 3(B) ). In our study, the thermal conductivity of alpine forest soils tends to decrease within a few degrees below 0˚C in cooling process rather than significant increase as a function of temperature within the range of −15˚C -0˚C as observed in Ling and Zhang' study [28] . However, the relationship between thermal conductivity and soil temperature we observed was different from some other studies, Overduin et al. [7] found similar change pattern as our result in thawing process Table 2 . Values of constant a, b and c of Equation (9) for prediction of ice and unfrozen water ratio at different water contents in cooling and heating processes beneath zero temperature. Ice content prediction by Equation (9) in two selected soil moisture in cooling and heating processes under subzero temperature.
below 0˚C with the line heat source, but thermal conductivity data changed adversely in freezing process. Seigo [43] found that thermal conductivity-temperature line was almost straight in the frozen sate and the empirical formula of temperature from 0˚C to −170˚C was presented in Equation (10) .
where A and B are constant, T is absolute temperature in the study region ranging from 100 kelvin units to 270 kelvin units, K stands for apparent thermal conductivity in freezing soil. In our study, however, the relationship between K and T is presented by the following equation,
where A and B are constant, T is temperature in centigrade (˚C) in the region ranging from −20˚C to 0˚C. Values of constant A and B with different moisture contents in our study are presented in Table 3 . It is considered most likely that constant A is the mean value of soil thermal conductivity when soil temperature is below −10˚C, and we also found that values of A decrease as soil initial water content decrease in cooling process. Note: Ww is initial soil water contents, A and B are constants in Equation (11) . * and ** indicate the variation explained by each model is significant at P < 0.05 level, and significant at P < 0.01 level.
Conclusion
We analyzed the relationship between the apparent volumetric specific heat capacity ( v C ) and apparent thermal conductivity (K) and soil temperature for seasonally frozen soil in alpine zones of the Qinghai-Tibetan Plateau. The results indicate that the values of v C and K increase as temperature decreases with the same moisture content in cooling or heating processes, and both of them increase with soil water contents within subzero temperature. The asymptotic character of the apparent volumetric thermal capacity and thermal conductivity is at the vicinity of the initial temperature of phase transitions, suggesting the values of v C and K are particularly sensitive to changes of soil temperature within the range of −2˚C -0˚C. Moreover, ice content of frozen soils can be well predicted by Logistic model in cooling and heating processes. Our results highlight that soil thermal properties change dramatically near subzero temperature, indicating soil ecological processes may be extremely sensitive to climate warming especially in cold season for the alpine soil in the Qinghai-Tibetan Plateau.
